Abstract Heparan sulfate proteoglycans act as co-receptors for many chemokines and growth factors. The sulfation pattern of the heparan sulfate chains is a critical regulatory step affecting the binding of chemokines and growth factors. N-deacetylase-N-sulfotransferase1 (Ndst1) is one of the first enzymes to catalyze sulfation. Previously published work has shown that HSPGs alter tangent moduli and stiffness of tissues and cells. We hypothesized that loss of Ndst1 in smooth muscle would lead to significant changes in heparan sulfate modification and the elastic properties of arteries. In line with this hypothesis, the axial tangent modulus was significantly decreased in aorta from mice lacking Ndst1 in smooth muscle (SM22acre ? Ndst1 -/-, p \ 0.05, n = 5). The decrease in axial tangent modulus was associated with a significant switch in myosin and actin types and isoforms expressed in aorta and isolated aortic vascular smooth muscle cells. In contrast, no changes were found in the compliance of smaller thoracodorsal arteries of
Introduction
Heparan sulfate proteoglycans (HSPGs) are highly abundant molecules on the cell membrane and in the extracellular matrix [1] . HSPGs are composed of polysaccharide chains attached to a core protein [2, 3] .The polysaccharide chains are composed of alternating disaccharide units of Nacetylglucosamine and glucuronic acid residues [4] . Biosynthesis of HSPG polysaccharide chains involves a series of enzymatic reactions. Post-translational modifications include N-and O-sulfations of the disaccharide subunits of the heparan sulfate side chains [5] [6] [7] . Sulfated domains specify the location of ligand-binding sites. N-deacetylase-N-sulfotransferase1 (Ndst1), one out of the four Ndst isoforms, plays a dominant role in forming N-sulfated domains for ligand binding to the heparan sulfate side chains [8] .
HSPG molecules have the ability to bind a variety of ligands via the sulfated domains, influencing the bioactivities of many substances such as lipids, chemokines, and growth factors [5] . HSPGs have been implicated in several pathological conditions including atherosclerosis and restenosis [9] cardiovascular disease [10, 11] and diabetes [12] , brain cancer [13] Alzheimer's disease [14] .
Arterial stiffness is a risk factor for cardiovascular disease [15, 16] . Several reports in the literature demonstrate that HSPGs alter elasticity and stiffness in tissues and cells . The objective of this study was to determine if the elastic properties of the vessel and smooth muscle cell may be mechanistically mediated through the modification of heparan sulfate chains which bind extracellular matrix and modulate expression of smooth muscle cell marker genes [39] .
Thus determining if altering levels of N-and 2-O sulfation significantly modulates arterial stiffness is novel and may be important in predicting cardiovascular risk. Previous data from our laboratory has shown that level of Ndst1 increases 40-fold following vascular injury in mice [40] . Others have shown that the expression of proteoglycans that modulate tissue stiffness is altered following vascular intervention or atherosclerosis [12, [41] [42] [43] [44] [45] [46] .
Materials and methods

Generation of Ndst1-deficient mouse models
Ndst1
flox/flox mice (gift from Dr. JD. Esko) were mated with male SM22acre mice (gift from Dr. M. Parmacek). F1 SM22acre ?
wt/flox males were mated with Ndst1 flox/flox females to generate mice with smooth muscle-specific deletion of Ndst1 (SM22acre ? Ndst1 -/-). All the mice used for this study were of the C57BL6 strain. Studies were performed on 3-4 months old male mice. The genotype of wild type (WT) control mice was SM22acre -Ndst1 wt/wt .
Generation of SM22acre
? Ndst1 -/-has been described previously [47] . Mice were maintained on normal diet and water ad libitum. Mice were euthanized according to our approved IACUC protocol with a compressed air carbon dioxide chamber.
Illumina MouseWG-6 v2 expression BeadChip array
Total RNA from thoracic aorta pooled from two WT and two SM22acre
? Ndst1 -/-male mice was extracted by
Trizol. Following cleanup (RNeasy Mini-elute Cleanup Kit, Qiagen), 1-2 micrograms per sample of total RNA was submitted to the Biomedical Genomics Center for Illumina direct hybridization processing. Quality control was performed using the NanoDrop 8000 (Thermo Fisher Scientific, Waltham, MA, USA) and Caliper LabChip GX (Caliper Life Sciences, Hopkinton, MA, USA). Biotinlabeled cRNA was created using the Illumina TotalPrep RNA amplification kit (Life Technologies, Carlsbad, CA, USA). 300 ng total RNA was used in the first-strand reaction, creating single-stranded cDNA. An in vitro transcription (IVT) reaction of the double-stranded cDNA yielded amplified biotin-labeled antisense cRNA. Prior to hybridization cRNA concentration was determined using the NanoDrop 8000. 150 ng of biotinylated cRNA from both the WT (n = 1) and SM22acre
? Ndst1 -/-(n = 1) was then hybridized in triplicate onto the Illumina MouseWG-6 v2 Expression BeadChip array (Illumina, San Diego, CA, USA) as instructed in Illumina's whole-genome gene expression direct hybridization assay guide. The BeadChip was then scanned by the Illumina iScan System, and the data package was assembled using Illumina GenomeStudio Data Analysis software. Annotations for Illumina probe sets were sourced from the University of Cambridge ReMOAT table version 1.0.0 [48] . Raw data files can be viewed at http://www.ncbi.nlm.nih.gov/geo/query/acc. cgi?acc=GSE44345.
The canonical pathways and functional analyses were generated through the use of IPA (Ingenuity Systems, www.ingenuity.com). Data was statistically analyzed and transcripts with false discovery rate (FDR) meeting the filtering criteria (FDR \ 0.05) was used as input to IPA. This is represented in Supplemental Table I. This table lists genes ranked according to q values in the SM22a cre ? Ndst1 -/-aorta. The q value represents the minimum FDR at which a test can be called significant. IPA searches known canonical pathways involving one or more members of the list and evaluates the probability of randomly assigning that number of genes to the pathway using the fisher exact test. A Benjamini-Hochberg correction for multiple testing is then applied. This generates the probability (p value) of significance for that pathway. Table 4 lists 10 of the top pathways with their respective corrected p values and gene members.
Isolation of vascular smooth muscle cells
Vascular smooth muscle cell from thoracic aorta of 3-4 months old male WT (n = 5) and SM22acre
? Ndst1
-/-(n = 5) mice were isolated by enzyme digestion according to Ray et al. [49] . Thereafter, cells were maintained in DMEM supplemented with 10 %FBS and 1 % penicillin and streptomycin. Cells were used at passage 2 for gene expression analysis.
Real-time quantitative PCR (RTQPCR)
RNA was extracted from primary isolated aortic vascular smooth muscle cells (n = 5 per cohort) or aorta from WT and SM22acre ? Ndst1 -/-mice by Trizol (Invitrogen). RNA from thoracic aorta used for RTQPCR included n = 1 from the original BeadChip and n = 4 from new mice from each cohort. cDNA was synthesized (Invitrogen) and transcript abundance of target genes was assessed by RTQPCR by using Taqman primer probes as described previously [47, 50] . Expression of targets was normalized to HPRT1, a housekeeper gene, and relative expression was calculated by the 2 -ddct method. Values are expressed as mean ± SE.
Morphometry
From the aortic arch, the first 4 mm of the vessel was embedded in paraffin for morphometry (see Fig. 1a ). The sections were stained with hematoxylin and eosin. Images were taken using the Zeiss Axio Imager M1 Upright Microscope and all measurements were performed using Axiovision LE 4.7 software. At least 4 sections from each animal were measured. The following parameters were measured by a blinded observer:
• Vessel area = area delimited by external elastic lamina • Luminal area = area delimited by intima • Vessel diameter = diameter across the external elastic lamina • Luminal diameter = diameter across the lumen delimited by intima.
From these measurements, vessel wall area was calculated as the difference between vessel area and luminal area. Vessel wall thickness was calculated as half the difference between vessel diameter and luminal diameter. Sections of vessels from both the cohorts were stained with VerhoeffVan Gieson stain for visualization of elastin and with Masson's trichrome stain for visualization of collagen content, respectively.
Uniaxial mechanical testing-aorta
Thoracic aorta sections (*6 mm in axial length, Fig. 1a ) were clamped longitudinally with a gauge length of 2 mm and subjected to uniaxial stretching on a mechanical test machine (Instron, Norwood, MA). Prior to stretching, a small pre-load of 0.005 N was applied to the vessels. Tests were performed under displacement control, stretching the vessels uniaxially at 1 % per second for 450 s while recording tension via a force transducer. Stress-strain curves were generated from these measurements and tangent modulus was calculated using the following formula:
where F is the force exerted under tension; A 0 is the original cross-sectional vessel wall area through which the force is applied (in this study, measured by morphometry: vessel wall area was calculated as the difference between vessel area and luminal area ( Fig. 1a)) ; DL is the change in length; and L 0 is the original gauge length (i.e., 2 mm).
Compliance-TDA Thoracodorsal arteries (TDA) free of surrounding tissue were placed in an arteriograph (Danish MyoTechnology, DMT), where they were cannulated at both ends with glass micropipettes and secured with 10-0 nylon monofilament suture as previously described [51] . Arteries were perfused with Krebs-HEPES supplemented with 1 % BSA and super fused with a calcium-free Krebs-HEPES containing ethylenebis-(oxyethylenenitrolo) tetra-acetic acid (EGTA, 2 mmol/L) and sodium nitroprussiate (10 lmol/L). The arteriograph was placed on an Olympus IX-71 microscope, ? Ndst1 -/-mice. Wall thickness was not different between the cohorts (see Table 1 ). IEL Internal elastic lamina, EEL external elastic lamina Mol Cell Biochem (2014) 385:225-238 227
the TDAs were visualized with a 209 objective and were subjected to a gradient of pressure from 10 to 140 mmHg with a 5 min stabilization period for each pressure to measure the passive diameter using the Slidebook software. The intraluminal pressure was increased from 10 to 140 mmHg by steps of 20 mmHg and the lumen diameter was measured in lm using the Slidebook software. The lumen area was calculated in lm 2 , for each pressure step, using the lumen diameter values according to the formula: lumen area = p 9 lumen diameter 2 /4. The compliance was measured in lm 2 /mmHg using the formula: compliance = D lumen area/D pressure in which D lumen area is the change in lumen area induced by a change of intraluminal pressure (D pressure).
Statistical analysis A Student's t test was used to compare compliance and axial tangent moduli measurements between WT and SM22acre
? Ndst1 -/-. P \ 0.05 was considered significant. All values presented are mean ± SE.
RNA expression values from the Illumina MouseWG-6 v2 Expression BeadChip array was normalized using quantile normalization. Fold change between WT and SM22acre
? Ndst1 -/-triplicates was calculated for each transcript, and the statistical significance was assessed using a two-sample t test with unequal variance assumption (on log2 scale). The FDRs were calculated with Benjamini and Hochberg's method [52] . Transcripts were discarded if expression of no more than one out of the three replicates were significantly above background (detection p value \0.01) for both WT and SM22acre
? Ndst1 -/-. Figure 1a illustrates the region of aorta from 3 to 4 months old male SM22acre ? Ndst1 -/-mice utilized for morphometric analysis. Both the aortic vessel and luminal area were significantly smaller in SM22acre
Results
Morphometry
? Ndst1 -/-mice in concordance with our previous findings [53] . There was no significant difference in aortic wall thickness ( Fig. 1b ; Table 1 ).
Uniaxial mechanical testing-aorta
Aorta segments were stretched uniaxially. This is in contrast to the methodology used for the TDAs. Axial measurements in the aorta have been used more often in the coming years to compare different strains and different pathological conditions [54] [55] [56] . 6 mm segments of thoracic aorta were stretched uniaxially. Figure 2a represents stress-strain curves of WT and SM22acre
? Ndst1 -/-aorta. Tangent moduli of SM22acre
? Ndst1 -/-(n = 5) were significantly lower than those of WT (n = 11) (Fig. 2b) . This indicates that the aortas from SM22acre
-/-mice showed altered tangent modulus in the axial direction than the WT mice at baseline. However, tangent moduli values in the toe-region ( Fig. 2a) , low strain portion of the stress-strain curves, were not significantly different between groups (WT 0.15 ± 0.02, n = 11 vs. SM22a
Gene expression array and staining
The decreased tangent moduli of the thoracic aorta from mice lacking the Ndst1 enzyme in smooth muscle were associated with significant changes in overall gene expression. Table 2 lists genes whose expression differs in Ndst1 deficient mice ranked according to q values and with a cut off at a fold change of 2.0. Significant changes were noted in muscle isoforms and types expressed in smooth muscle including myosin light chain polypeptide 1, 4, and 7 (Myl1, 4 and 7) and heavy chain polypeptide 6 (Myh6), cardiac alpha actin (Actc-1), actinin 2 (Actn2), troponin C (Tnntc1), and ankyrin repeat domain-1 (Ankrd-1). Genes regulating mitochondrial respiration including mitochondrial creatine kinase 2 (Ckm-2) and cytochrome oxidase subunit 6a2 (Cox6a2) were also significantly up-regulated 
Ndst1
-/-mice has been previously reported by our laboratory [53] . There were no significant differences in wall thickness between the two cohorts. Measurements on aorta were made on a minimum of 4-5 hematoxylin and eosin stained sections per animal. All values are mean ± SE 
in SM22acre ? Ndst1 -/-aorta along with Sarcolipin (Sln), a regulator of the sarco/endoplasmic reticulum Ca 2? -ATPase (SERCA), cardiac LIM protein (Csrp-3), and natriuretic peptide precursor type A (Nppa). A list of significantly increased transcripts confirmed by RTQPCR in aorta from SM22acre
? Ndst1 -/-are listed in Table 3 . Data was statistically analyzed and transcripts ranked according to the q value were used as input to IPA (supplemental Table I ). Analysis of pathways by IPA identified significantly over represented groups of genes that identified several pathways in Ndst1 deficient mice (Table 4) .
In order to separate out the expression of candidate genes that modulate contractility and elasticity in vascular smooth muscle cells from other cell types in the aorta, mRNA analysis was performed in isolated primary vascular smooth muscle cells and the whole aorta. There was no significant difference in the expression of collagen1a1 (Col1a1), collagen1a2 (Col1a2), smooth muscle myosin heavy chain (Myh11), calponin (Cnn1), caldesmon (Cald1), elastin (Eln), myocardin (Myocd), and smooth muscle a actin (Acta2) either in isolated vascular smooth muscle cells or aorta from both the cohort (Table 5) .
To further follow up on elastin and collagen protein expression and localization, we stained sections with Verhoeff Van Gieson and Masson's trichrome. Elastin was not different between the cohorts. This is shown in Fold change between WT and SM22acre ? Ndst1 -/-triplicates was calculated for each transcript, and the p value was assessed using a twosample t test with unequal variance assumption (on log2 scale). The false discovery rates (FDR) were calculated with Benjamini and Hochberg's method [9] and are represented as ''q values '' representative Fig. 3a . Collagen content in femoral arteries (we did not stain aortas) was not significantly different between the cohorts as assessed by Masson's trichrome staining as shown in representative Fig. 3b . Finally, a previous publication from our group noted significant decreases in both N-and 2-O sulfation state of heparan sulfate in vessels from the mice lacking the Ndst1 enzyme in smooth muscle vs. WT controls [47] . Fold change in expression in SM22acre ? Ndst1 -/-(n = 5) aorta relative to WT (n = 5) was performed by RTQPCR. Values were normalized to HPRT1 expression and expressed as mean ± SE. Statistical significance was performed with the Student's t test The canonical pathways and functional analyses were generated through IPA (Ingenuity Systems, www.ingenuity.com). Data was statistically analyzed and transcripts with false discovery rate (FDR) for differential expression meeting our filtering criteria (FDR \ 0.05) was used as input to IPA (Supplemental Table I ). Given a ranked list of genes and significance values (p value, q value or fold change, IPA searches known canonical pathways involving one or more members of the list and evaluates the probability of randomly assigning that number of genes to the pathway using the fisher exact test. A Benjamini-Hochberg correction for multiple testing is then applied. This generates the probability of significance for that pathway which is displayed in the Compliance-TDAs Circumferential compliance can be measured using different stretching methods. In this study, the method used for the TDA involved stretching by gradually increasing the intraluminal pressure. These experiments are done in calciumfree medium to avoid a myogenic response of the vessel in the presence of calcium. We previously reported that blood pressure, as measured by telemetry in conscious mice, was not significantly different in the SM22acre ? Ndst1 -/-mice compared to WT mice [53] . We assessed compliance measurements in TDAs from SM22acre
? Ndst1 -/-(n = 6) and WT (n = 8). No significant differences were reported at any luminal pressure (Fig. 4a) . The percent change in compliance in SM22acre
? Ndst1 -/-was not different as compared to WT despite a significant decrease in luminal area in SM22acre
? Ndst1 -/-(p \ 0.05, Fig. 4b ). Smaller luminal area of TDAs in SM22acre
? Ndst1 -/-mice has been previously published by our group [53] . The change in luminal diameter in response to increases in luminal pressure is shown in Fig. 4c . In addition, wall thickness of TDAs was not different between the cohorts (Table 6 ). Given there were no significant differences, we did not perform any gene expression analyses on the TDAs but instead focused our gene expression analyses on the aortas.
Discussion
The major findings of this study were that targeted ablation of Ndst1 in smooth muscle results in a decreased axial tangent moduli of aortas in parallel with significant differences in the isoform expression of actin, myosin, and troponin as well as other smooth muscle marker genes.
In uniaxial tests, aortas from SM22acre ? Ndst1
-/-demonstrated a decreased axial tangent moduli compared to WT aortas. To further define the potential mechanisms behind the altered morphometry and biomechanical properties, an unbiased transcript analysis was performed. Surprisingly, loss of Ndst1 in smooth muscle did not induce changes in the expression of candidate genes involved in elasticity, particularly collagen and elastin (in whole aorta or isolated aortic vascular smooth muscle cells). In addition, neither elastin nor collagen content or localization differed between the cohorts. Fold change in expression of targets in vascular smooth muscle cells and aorta from SM22acre ? Ndst1 -/-(n = 3-5) was assessed by RTQPCR and the array Most of the medial extracellular matrix is made up of collagen, elastin, and proteoglycans. Proteoglycans have been shown to be important for the regulation of smooth muscle cell phenotype. Among the proteoglycans, heparin was shown to promote the maintenance of a contractile phenotype and slow down the proliferation of porcine and bovine smooth muscle cells [57, 58] . Perlecan, another proteoglycan, was reported to inhibit smooth muscle cell proliferation through its heparan sulphate side chains by sequestering FGF2 [45] . Also, the expression of perlecan was negatively regulated by PDGF isoforms, which affected smooth muscle cells migration [59] .
We identified novel changes in myosin and actin isoforms including Myl1, 4 and 7 and Myh6, Actc-1, Actn2, Tnntc1. Actc1, is primarily a cardiac-specific muscle gene. However, expression has been seen in endothelial cells [60] and mesothelial cells, the precursor cells of vascular smooth muscle cells in visceral organs [61] . Several examples of Actc1 expression in vascular smooth muscle are found in the gene expression omnibus. Actc1 is up *2-fold in vascular smooth muscle in mice lacking Ndst1. Previous work has shown that heparan sulfate does alter muscle development [62] . Actn2, is also found primarily in skeletal muscle and heart. However, several examples of Actc2 expression in smooth muscle are also found in gene expression omnibus. Actn2 expression is up threefold in vascular smooth muscle in mice lacking Ndst1. Ankyrin repeat domain 1, Ankrd1, interacts with the intermediate filament desmin [63] , and is up-regulated *5-fold in mice lacking Ndst1. Desmin is known to influence compliance of airways (composed of vascular smooth muscle cells) and carotid arteries [22, 63] . Also, heparin treatment increased the desmin levels of spindle-shaped porcine smooth muscle cells and inhibited their proliferation [58] . Further studies will be needed to determine if an increase in Ankrd1 mediates the altered tangent modulus in the axial direction.
Cytokine inducible SH2-containing protein, Cish, is a member of the SOCS family and a negative regulator of inflammatory signaling [64, 65] . Cish has also been shown to negatively regulate JAK2/Stat signaling [66] . The role of Cish in the vessel wall has not been investigated, yet it is up-regulated *4.8-fold in mice lacking Ndst1. Creatine kinase mitochondrial 2, Ckmt2, is critical to energy metabolism and is up-regulated *3.9-fold in mice lacking Ndst1. A recent paper in mice lacking heparanase shows a significant increase in energy balance and metabolism [67] . Moreover, loss of heparan sulfate in Drosophila alters mitochondrial localization and this may be happening within vascular smooth muscle cells [68] . Cardiomyopathy-associated protein 5, Cmya5, or myospryn, is involved in protein kinase A signaling and vesicular trafficking [69] . Interestingly, Cyma5 is also a binding partner of desmin [70] . This gene did not make the stringency cutoff of a false discovery rate cutoff of 0.05. Cysteine and glycine rich protein 3, Csrp3, is a member of the LIM domain proteins, and was cloned originally from denervated skeletal muscle. Csrp3 is a mechanostretch sensing gene [71] , plays an important role in vascular smooth muscle [72] and is up-regulated 3.9fold in mice lacking Ndst1. Chemokine ligand 9, Cxcl9, has been shown to disrupt the endothelial barrier and induce chemotaxis [73] . Cxcl9 is a T-cell chemoattractant for leukocytes and is up-regulated 1.8-fold in mice lacking Ndst1. How loss of Nand 2-O sulfation increase expression of Cxcl9 is not clear.
One of the top pathways identified by IPA was ''Cellular effects of the vasodilator sildenafil''. This is in direct association with the decreased axial tangent moduli recorded in the aorta. Cardiac muscle myosin, Myh6 is one of the major building blocks of cardiac muscle. Myh6 encodes the alpha heavy chain and is up-regulated *7-fold in mice lacking Ndst1. In mice, adult cardiac myocytes primarily express Myh6. Examples in gene expression omnibus show expression of Myh6 in human, rat, and mouse vascular smooth muscle cells. Guanylate cyclase 1 alpha-3 (Gucy1a3) functions as the main receptor for nitric oxide and nitrovasodilator drugs and is up-regulated 1.2-fold in mice lacking Ndst1. It was recently identified in GWAS associated with coronary artery disease in Han Chinese [74] , and blood pressure in 200,000 individuals of European descent [75] . Fully differentiated smooth muscle cells express alpha actin, non-muscle beta-actin, non- 
Ndst1
-/-was significantly smaller at all pressures measured (*p = 0.001) Luminal area is significantly smaller in SM22acre ? Ndst1 -/-mice as previously reported [53] . All values are mean ± SE muscle gamma-actin, and smooth muscle gamma actin. The role of beta-actin (Actb) is not clear and it is downregulated by half in mice lacking Ndst1 compared to WT controls. Atrial natriuretic factor (Nppa; upregulated [3.6-fold in mice lacking Ndst1 in smooth muscle) and phosphodiesterase 4 (PDE4; downregulated to *0.7007) are acute vasodilating agents [76, 77] . Phosphorylation of the myosin light chains correlates with shortening velocity of smooth muscle. The major myosin light chains in smooth muscle are myosin light chain 17 and 20. This pathway includes myosin light chain 1 and 7 (upregulated[9-fold in mice lacking Ndst1) which are found primarily in skeletal and cardiac muscle, respectively. Thus, again these findings see a significant shift in isoforms of myosin and the myosin light chains in mice lacking N-and 2-O sulfation that was associated with decreased axial tangent moduli in the aorta. This second pathway was nitric oxide signaling in the cardiovascular system. This pathway included kinogen1, Kng1, which stimulates production of nitric oxide. Kng1, is down-regulated in mice with loss of Ndst1 in smooth muscle. Phospholamban, Pln, and the ryanodine 2 receptor are both expressed in cardiac muscle and are increased 1.8-and 1.7-fold, respectively, with loss of Ndst1 in smooth muscle. The mechanism driving this increased expression of primarily cardiac calcium handling genes in smooth muscle lacking N-and 2-O sulfation is not clear but has potential long-term implications in aortic elasticity and stiffness.
We identified a significant decrease in the aortic axial tangent moduli in mice lacking Ndst1. Previous work from our group showed that these mice exhibit decreased N-and 2-O sulfation of heparan sulfate side chains in SM22a cre ? Ndst1 -/-mice [47] . Studies have also reported changes in HSPG biosynthesis are associated with altered wound repair, tissue/cellular elasticity and stiffness and contractility [20, 23, 47, 60, 64, 78] . Deficiency of perlecan, a basement membrane proteoglycan, was reported to alter the elastic moduli of the pericellular matrix of chondrocytes [37] and muscle stiffness in patients with Schwartz-Jampel syndrome [36, 78] . Syndecan-4 was reported to control actomyosin contractility through Rho kinase signaling in tissues and cells [34] . Similarly, Syndecan-3 was reported to coordinate myometrial contractility of smooth muscle in the uterine wall [19] . Accumulation of heparan sulfates in patients with mycopolysaccharidosis (MPS) leads to joint stiffness [21] and an increase in ascending aortic stiffness [32] . In addition, HSPGs are known to enhance elastin deposition and assembly and maintain elasticity in aging fibroblasts [28] .
No significant difference in compliance of the smaller TDAs was identified between the cohorts. Thus, loss of Ndst1 in smooth muscle does not appear to alter compliance in the TDAs. The compliance measurement made on the TDA's was performed differently compared to the axial measurement performed on the aorta. Thus, the two measurements cannot be compared. Previous finding from our laboratory showed that baseline arterial systolic and diastolic blood pressure in conscious SM22acre
? Ndst1 -/-was not different from controls [41] . Thus, no difference in blood pressure between the cohorts aligns with the lack of difference in compliance in these smaller vessels.
The potential limitations of this study include the following. We do not know the extent to which the bronchi or intestinal smooth muscle cells are altered in the SM22a cre ? Ndst1 -/-. This may have in an indirect fashion affected the size of the aorta and TDAs.
In conclusion, loss of N-and 2-O sulfation due to smooth muscle-specific deletion of Ndst1 resulted in a significant decrease in aorta size, and a decrease in aortic tangent moduli. These findings offer insights into the mechanisms through which loss of sulfation of HSPG molecules alters biomechanical properties of the aorta that are accompanied by novel changes in gene expression that are found in pathways that alter vasodilation.
